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List	of	Figures	1.1. Jablonski	energy	level	diagram	showing	the	virtual	states	involved	in	elastic	(Rayleigh)	and	inelastic	(Raman)	scattering	and	the	real	electronic	excited	states	involved	in	fluorescence	and	phosphorescence	(see	text	for	explanation).	Figure	modified	from	Panczer.	1.2. This	figure	illustrates	the	degrees	of	freedom	of	water	and	their	associated	symmetry	properties.	The	motions	labeled	with	T,	R	or	ν	correspond	to	translational,	rotational	and	vibrational	degrees	of	freedom,	respectively.	The	+	and	–	sign	represent	motions	into	and	out	of	the	plane	of	the	paper.	1.3. Normal	modes	of	vibration	of	CO2	molecule.	1.4. Normal	modes	of	vibrations	of	MX4	molecule.	1.5. Schematics	of	a	confocal	micro-Raman	system	with	180°	and	135°	scattering	geometry	with	a	CW	Ar-ion	laser	and	a	pulse	532	nm	laser,	respectively.	1.6. The	Raman	spectra	of	feldspars,	specifically	microcline,	plagioclase	and	forsteritic	olivine	in	the	100-1200	cm-1	region	at	a	distance	of	0.5	meters.	The	laser	used	in	this	experiment	was	a	532	nm,	100	Hz,	8.6	mJ	per	pulse.	The	accumulation	time	was	50	seconds	for	olivine	and	60	seconds	for	plagioclase	and	microcline.	1.7. Raman	spectra	of	α-quartz,	coesite	and	vitrous-SiO2	(Modified	from	Sharma	et	al.	1981).	2.1. Schematic	diagram	of	SHRS	utilized	in	the	present	work.	B.E.	stands	for	2x	beam	expander.	2.2. The	instrument	response	and	intensity	correction	function	as	a	function	of	wavenumber.	The	correction	function	was	produced	by	matching	the	relative	intensities	of	an	uncalibrated	SHS	spectrum	of	calcite	to	that	of	the	intensity	calibrated	spectrum	of	calcite	taken	with	a	Renishaw	Raman	microprobe.	2.3. The	Raman	spectra	of	calcite	(CaCO3)	and	dolomite	(CaMg(CO3)2)	in	the	100-1260	cm-1	region.	A	diode-pumped	frequency	doubled	532	nm	Nd:YAG,	100	Hz,	8.6	mJ	per	pulse	laser	was	used	as	the	excitation	source.	The	Littrow	angle	was	set	to	2.2870°	in	order	to	retro-reflect	532	nm	light.	The	ICCD	gate	width	was	30	
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ns,	the	practical	width	of	a	laser	pulse,	in	order	to	reject	ambient	light.	The	intensifier	gain	of	the	ICCD	was	set	to	150.	The	images	were	accumulated	for	30	seconds.	2.4. The	Raman	spectra	of	anhydrite	(CaSO4)	and	gypsum	(CaSO4·2H2O)	in	the	100-1260	cm-1	region.	The	settings	used	for	these	spectra	were	identical	to	those	described	in	Fig.	2.3.	2.5. The	Raman	spectra	of	forsteritic	olivine	(Fo91)	and	feldspars,	specifically	microcline	and	plagioclase	in	the	100-1200	cm-1	region.	The	settings	used	for	these	spectra	were	identical	to	those	described	in	Fig.	2.3	except	for	the	accumulation	time,	which	in	this	case	was	50	seconds	for	olivine	and	60	seconds	for	microcline	and	plagioclase.	3.1. An	illustration	of	the	SHRS	system	used	to	measure	Raman	spectra	at	a	distance	of	5	meters.	B.E.	stands	for	beam	expander.	3.2. An	illustration	of	how	data	is	reduced	from	“phase	corrected	FT”	(top	image)	to	the	white	noise	Raman	spectrum	(labeled	C)	by	dividing	the	raw	one-dimensional	Fourier	Transform	(labeled	A)	by	the	lineshape	of	the	shot	noise	(labeled	B).	3.3. A	depiction	of	the	data	reduction	process	in	which	raw	shot	noise	is	converted	to	white	noise	via	modeling	with	a	pseudovoigt	curve.	The	noise	is	white	noise	if	the	Fourier	transform	is	an	impulse	at	x	=	0	and	the	autocorrelation	is	a	triangle.	3.4. The	Raman	spectra	of	carbonate	minerals	measured	at	a	distance	of	0.1	m	with	a	laser	power	of	8.6	mJ	per	pulse	and	a	camera	gain	of	150.	The	Littrow	angle	was	set	to	retro-reflect	550	nm	light.	The	accumulation	time	was	1	seconds.	3.5. The	Raman	spectra	of	sulfate	minerals	measured	at	a	distance	of	0.1	m	with	a	laser	power	of	8.6	mJ	per	pulse	and	a	camera	gain	of	150.	The	Littrow	angle	was	set	to	retro-reflect	550	nm	light.	The	accumulation	time	was	1	seconds.	3.6. The	Raman	spectra	of	orthosilicate	minerals	measured	at	a	distance	of	0.1	m	with	a	laser	power	of	8.6	mJ	per	pulse	and	a	camera	gain	of	150.	The	Littrow	angle	was	set	to	retro-reflect	550	nm	light.	The	accumulation	time	was	10	seconds.	
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x,	y,	and	z	directions,	the	following	relationships	are	anticipated.		 !! = !!!!;	!! = !!!!;	!! = !!!!	 (1.7)	Equation	(1.7)	is	only	applicable	to	a	completely	spherical	molecule.	Most	molecules,	however,	have	structures	that	are	not	totally	spherical.	Therefore	the	equation	does	not	hold	in	such	cases	because	the	direction	of	polarization	does	not	coincide	with	the	direction	of	the	applied	field.	In	place	of	Eq.	(1.7),	the	following	relationships,	as	described	by		Eq.	(1.8),	must	be	used	instead.	
	 !!!!!! =
!!! !!" !!"!!" !!! !!"!!" !!" !!! !!!!!! 	 (1.8)	The	3x3	matrix	on	the	right	hand	side	of	Eq.	(1.8)	is	called	the	second	rank	polarizability	tensor.	It	is	a	symmetric	tensor,	meaning	that	αxy	=	αyx;	αyz	=	αzy;	and	αxz	=	αzx.	Equations	(1.7)	and	(1.8)	describe	Rayleigh	scattering.	For	Raman	scattering,	the	polarizability	components	αxx,	αxy,	αxz,	etc…	should	be	replaced	with	terms	corresponding	to	the	change	in	polarizability	with	respect	to	coordinate	∂αxx/∂Q,	and	so	on.	One	can	visualize	the	polarizability	tensor	by	means	of	a	polarizability	ellipsoid.		
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1.2,	the	scattered	light	may	be	of	greater	(i.e.	anti-Stokes	shifted)	or	lesser	in	energy	(i.e.	Stokes	shifted)	than	the	incident	light.	The	intensity	ratio	of	the	Stokes	to	anti-Stokes	Raman	lines	of	a	sample	will	depend	upon	the	population	of	molecules	in	the	ground	and	excited	vibrational	states,	according	to	following	Eq.	(1.10)	!!"#$%&!!"#$!!"#$%& = (!!!!")!(!!!!")! !(!!"!" !")	 	 	 	 (1.10)	where	h	is	Planck’s	constant,	k	is	Boltzmann's	constant,	T	is	the	temperature	in	Kelvin,	ν0	is	the	wavenumber	of	the	excitation	laser	and	Δν	is	the	Raman	shift	due	to	a	normal	mode	of	vibration	of	the	molecule	(νvib)	in	cm-1.	The	intensity	ratio	predicted	in	Eq.	(1.10),	which	is	based	on	quantized	nature	of	vibrational	modes,	is	consistent	with	the	observed	ratio	of	Stokes-Raman	to	anti-Stokes	Raman	lines.	Based	on	Eq.	(1.10),	the	Stokes	to	anti-Stokes	ratio	of	Raman	lines	can	be	used	to	determine	the	temperature	of	the	sample.	For	a	molecular	bond,	the	individual	atoms	are	confined	to	specific	set	of	quantized	vibrational	modes[17].	For	example,	the	vibrational	energy	of	a	particular	vibrational	mode	in	a	diatomic	molecule	can	be	given	by	the	solution	of	the	Schrödinger	equation	as	detailed	in	Eq.	(1.11)		 !!!!!! + !!!!!! ! − !!!!! ! = 0		 (1.11)	where	Ψ	is	the	wave	function	of	the	quantum	system,	q	is	the	atomic	displacement	from	the	equilibrium	position,	μ	is	the	reduced	mass	of	the	system	and	K	is	the	force	constant.	Solving	for	the	condition	that	the	wave	function	must	be	single	valued,	continuous	and	quadratically	integrable,	the	eigenvalues	are	given	by	Eq.	(1.12)		 !! = (! + 0.5)ℎ!!"#	 (1.12)	where	v	is	the	vibrational	quantum	number,	0.5	is	the	zero	point	energy,	νvib	is	the	vibrational	frequency,	and	the	frequency	of	vibration	is	given	by	Eq.	(1.13).	
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dipole	moment).		Every	irreducible	representation	has	associated	with	it	a	Mulliken	symbol	that	characterizes	the	symmetry	properties	of	the	representation.	The	best	summary	of	the	symmetry	properties	of	Mulliken	symbols	was	written	by	Colthup[9]	and	is	provided	below.		 A	 	 	 Symmetric	with	respect	to	principal	axis	of	symmetry	B	 	 Anti-symmetric	with	respect	to	principal	axis	of	symmetry	
		22	
E	 	 Doubly	degenerate	vibrations,	the	irreducible	representation	is	two	dimensional	F	 	 	 Triply	degenerate	vibrations	





Figure	1.2	–	This	figure	illustrates	the	degrees	of	freedom	of	water	and	their	associated	symmetry	properties.	The	motions	labeled	with	T,	R	or	ν	correspond	to	translational,	rotational	and	vibrational	degrees	of	freedom,	respectively.	The	+	and	–	sign	represent	motions	into	and	out	of	the	plane	of	the	paper.		 Now,	apply	each	symmetry	operation	of	the	point	group	C2v	to	a	water	molecule,	as	depicted	in	Fig	1.2,	and	write	down	the	numbers	of	atoms	that	remain	unmoved.		!!"#$%&' = ! !!(!)3 1     !!(!") !!(!!)1 3 	Next	let	us	add	up	the	irreducible	representations	that	contain	a	change	in	dipole	moment.	For	the	C2v	point	group,	A1,	B1	and	B2	contain	a	change	in	dipole	moment.	Let	!!"# = !! + !! + !!.	 !!"# = 3 −1     1 1	
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Now	let	us	multiply	!!"#$%&' 	by	!!"#	and	label	the	product	!!"!#$ .		!!"!#$ = 9 −1    1 3	Next,	let’s	subtract	the	translational	and	rotational	degrees	of	freedom	from	!!"!#$ 	and	label	this	new	representation	!!"# .	The	translational	degrees	of	freedom	are	equal	to	!!"#	and	the	rotational	degrees	of	freedom	for	C2v	are	equal	to	!!"# = !! + !! + !!.	!!"# = 3 1    1 3	Finally,	let	us	use	Eq.	(1.14)	to	determine	the	number	and	variety	of	irreducible	representations	present	in	!!"# .	!! = 14 {(3 ∗ 1 ∗ 1)+ (1 ∗ 1 ∗ 1)+ (1 ∗ 1 ∗ 1)+ (3 ∗ 1 ∗ 1)} = 2	!! = 14 {(3 ∗ 1 ∗ 1)+ (1 ∗ 1 ∗ 1)+ (1 ∗−1 ∗ 1)+ (3 ∗−1 ∗ 1)} = 0	!! = 14 {(3 ∗ 1 ∗ 1)+ (1 ∗−1 ∗ 1)+ (1 ∗ 1 ∗ 1)+ (3 ∗−1 ∗ 1)} = 0	!! = 14 {(3 ∗ 1 ∗ 1)+ (1 ∗−1 ∗ 1)+ (1 ∗−1 ∗ 1)+ (3 ∗ 1 ∗ 1)} = 1	Hence	the	three	vibrational	modes	of	water	have	the	symmetry	of	A1,	A1	and	B2.	Upon	inspection	of	the	C2v	character	table	in	Table	1.1,	it	is	evident	that	the	irreducible	representations	A1	and	B2	contain	both	a	change	in	dipole	moment	and	a	change	in	polarizability.	Therefore,	all	three	modes	will	be	both	IR	and	Raman	active.	The	ν1,	ν2,	and	ν3	modes	of	water	vapor	have	been	observed	in	the	Raman	and	IR	spectra	at	3651,	1595	and	3755.8	cm-1,	respectively,	according	to	Herzberg[27].	
Table	1.1	Character	Table	for	point	group	C2v	
C2v	 E	 C2	(z)	 σv(xz)	 σv'(yz)	





















































































































2.5.2	Properties	of	SHRS		The	resolving	power,	R,	of	SHRS	is	proportional	to	the	width	of	the	two	diffraction	gratings,	W	(mm),	and	the	groove	density,	d	(lines	per	mm)[6],	as	indicated	by	Eq.	2.7.	! = 2!" = 7620	 	 	 	 								(2.7)	where	W	equals	25.4	mm	for	each	grating	and	d	equals	150	grooves	per	mm.	Using	this	value	for	R,	the	minimum	resolvable	wavenumber	difference[6],	Δσ,	can	be	calculated	with	use	of	Eq.	2.8.	 ! = !!"	 	 	 	 	 	 (2.8)	where	σ	represents	an	absolute	wavenumber	of	a	spectral	line.	Therefore,	SHRS	should	theoretically	be	able	to	resolve	peaks	separated	by	2.47	cm-1	if	σ	is	set	equal	to	the	absolute	wavenumber	of	the	laser	(18794.2	cm-1).	The	full-width	half	maximum	(FWHM)	of	the	narrowest	line	presented	in	this	paper	is	the	symmetric	stretch	(ν1)	of	calcite,	which	occurs	at	an	absolute	wavenumber	of	17709.2	cm-1	with	a	FWHM	of	3.41	cm-1	and	indicates	an	experimental	resolving	power	of	5190.	
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Figure	3.1	illustrates	the	second	experimental	design	used	in	the	present	work.	A	Quantel	Centurion	compact,	pulsed	Nd:YAG	laser	operating	at	532	nm,	100	Hz	and	8.6	mJ	per	pulse	is	sent	through	a	2x	beam	expander,	reflected	off	two	mirrors	and	directed	onto	the	sample.	The	sample	scatters	said	light	and	a	portion	of	the	scattered	light,	as	defined	by	the	solid	angle,	is	collected	by	a	Questar	96.5	mm	diameter	telescope	located	5	meters	away	from	the	sample.	The	collected	light	is	forced	through	a	25.4	mm	exit	aperture,	reflected	off	a	mirror,	attenuated	by	two	532	nm	edge	filters	and	allowed	to	pass	into	the	interferometer.	Once	inside	the	interferometer,	the	light	is	split	in	two	by	a	50/50	silica	glass	cube	beam	splitter	and	directed	unto	two	tilted	diffraction	gratings.	The	diffraction	gratings,	which	have	150	grooves	per	mm	and	are	25	mm	square,	are	oriented	to	retro-reflect	a	user-defined	wavenumber.	The	angle	at	which	a	given	wavenumber	is	reflected	is	determined	by	defining	the	angle	of	incidence	and	calculating	the	angle	of	reflectance	in	the	grating	equation[1],	as	shown	in	Eqn.	(3.1).	!(sin!! + sin!!) = !"	 	 	 	 (3.1)	where	σ	is	a	wavenumber,	m	is	the	order	of	light,	and	d	is	the	distance	between	adjacent	grooves	on	a	grating	in	units	of	wavenumbers.	A	special	case	arises	when	the	angle	of	incidence	equals	the	angle	of	reflectance.	This	special	case	is	known	as	the	Littrow	angle,	θL,	and	is	defined[1]	by	Eqn.	(3.2).	 !! = !"#$%& !!!!! 	 	 	 	 	 (3.2)	The	gratings	retro-reflect	σ0	and	produce	planar	parallel	wavefronts	from	each	grating	that	combine	at	the	beam	splitter,	producing	a	fringe	of	constant	intensity	across	the	ICCD.	For	wavelengths	not	equal	to	σ0,	wavefronts	are	diffracted	at	angles	relative	to	the	optical	axis,	which	recombine	at	the	beam-splitter	as	crossed	wavefronts	(Fig.	3.1).	When	these	crossed	wavefronts	are	imaged	on	the	ICCD,	they	produce	a	spatial	fringe	pattern,	as	described[1]	by	Eqn.	(3.3).	! ! = ! ! (1+ cos[2!(4 ! − !! ! tan!!)])!"!! 	 	 (3.3)	where	B(σ)	represents	the	input	spectral	intensity	as	a	function	of	wavenumber,	and	x	represents	the	position	on	the	CCD	array	x-axis.	Equation	(3.4)	describes	the	width	of	a	spatial	fringe[1].	 ! = 4 ! − !! !"# !! 	 	 	 	 (3.4)	
		58	














































































































42,	1335-1339.	20. Cornell	R.M.	&	Schwertmann	U.	(2003)	The	Iron	Oxides.	Structure,	Reactions,	Ocurrences	and	Uses.	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA,	Weinheim,	FRG,	2.	21. Urmos	J.P.,	Sharma	S.K.	&	Mackenzie	F.T.	(1991)	Characterization	of	some	biogenic	carbonates	with	Raman	spectroscopy.	American	Mineralogist,	76,	641-646.	22. Cotton	F.A.	(1963)	Chemical	Applications	of	Group	Theory.	Wiley	Publisher,	New	
York.	23. Bhagavantam	S.	&	Venkatarayudu	T.	(1969)	Theory	of	Groups	and	its	Applications	to	Physical	Problems.	Academic	Press,	New	York.	24. Ferraro	J.R.	&	Ziomek	J.S.	(1969)	Introductory	Group	Theory	and	Its	Application	to	Molecular	Structure.	Plenum	Press,	New	York.	25. Rull	F.	(2012)	The	Raman	effect	and	the	vibrational	dynamics	of	molecules	and	crystalline	solids.	pg.	1-60	in:	Applications	of	Raman	Spectroscopy	to	Earth	Sciences	
and	Cultural	Heritage	(J.	Dubessy,	F.	Rull	&	M.C.	Caumon,	editors).	EMU	Notes	in	














New	York.	55. Wang	Z.,	Cooney	T.F.	&	Sharma	S.K.	(1995)	In	situ	structural	investigation	of	iron-containing	silicate	melts	and	glasses.	Geochimica	Cosmochimica	Acta,	59,	1571-1577.	56. Wang	W.,	Major	A.	&	Paliwal	J.	(2012)	Grating-stabilized	external	cavity	diode	lasers	for	Raman	spectroscopy—A	review.	Applied	Spectroscopy	Reviews,	47,	116-143.	57. Aminzadeh,	A.	(1997)	Fluorescence	bands	in	the	FT-Raman	spectra	of	some	calcium	minerals.	Spectrochimica	Acta,	A53,	693-797.	58. Kaszowska	Z.,	Malek	K.,	Staniszewska-Slezak	E.	&	Niedzielska	K.	(2016)	Raman	scattering	or	fluorescence	emission?	Raman	spectroscopy	study	on	lime-based	building	and	conservation	materials.	Spectrochimica	Acta,	A169,	7-15.	59. Sharma	S.K.	(1989)	Applications	of	advanced	Raman	techniques	in	earth	sciences.	

















Acta,	A61,	2288-2298.	86. Blacksberg	J.,	Rossman	G.	R.	&	Gleckler	A.	(2010)	Time-resolved	Raman	spectroscopy	for	in	situ	planetary	mineralogy.	Applied	Optics,	49,	4951-4962.		87. Sharma	S.K.	(2007)	New	trends	in	telescopic	remote	Raman	spectroscopic	instrumentation.	Spectrochimica	Acta,	A68,	1008-1022.	88. Wang	A.,	Haskin	L.A.	&	Cortez,	E.	(1998)	Prototype	Raman	spectroscopic	sensor	for	in	situ	mineral	characterization	on	planetary	surfaces.	Applied	Spectroscopy,	52,	477-487.	89. Lucey	P.G.,	Cooney	T.F.	&	Sharma	S.K.	(1998)	A	remote	Raman	analysis	system	for	planetary	landers.	Lunar	and	Planetary	Science	Conference,	29,	Abstract	1354.	
		91	
90. Wiens	R.C.,	Maurice	S.,	McCabe	K.,	Cais	P.,	Anderson	R.B.,	Beyssac	O.,	Bonal	L.,	Clegg	S.,	Deflores	L.,	Dromart	G.,	Fischer	W.W.,	Forni	O.,	Gasnault	O.,	Grotzinger	J.P.,	Johnson	J.R.,	Martinez-Frias	J.,	Man-gold	N.,	McLennan	S.,	Montmessin	F.,	Rull	F.,	Sharma	S.K.,	Sautter	V.,	Lewin	E.,	Cloutis	E.,	Poulet	F.,	Bernard	S.,	McConnochie	T.,	Lanza	N.,	Newsom	H.,	Ollila	A.,	Leveille	R.,	Le	Mouelic	S.,	Lasue	J.,	Melikechi	N.,	Meslin	P.-Y.,	Misra	A.,	Grasset	O.,	Angel	S.M.,	Fouchet	T.,	Beck	P.,	Bridges	N.,	Bousquet	B.,	Fabre	C.,	Pinet	P.,	Benzerara	K.,	&	Montagnac	G.	(2016)	The	SUPERCAM	remote	sensing	instrument	suite	for	Mars	2020.	Lunar	and	Planetary	Science	Conference,	47,	1332	(abstract).	91. Angel	S.M.,	Gomer	N.R.,	Sharma	S.K.	&	McKay	C.	(2012)	Remote	Raman	spectroscopy	for	planetary	exploration:	A	review.	Applied	Spectroscopy,	66,	137-150.	92. Egan	M.J.,	Angel	S.M.	&	Sharma	S.K.	(2016)	Standoff	spatial	heterodyne	Raman	spectrometer	for	mineralogical	analysis,	XII	International	Conference-GeoRaman-
2016	Abstract	Volume,	Novosibirsk,	Russia,	June	9-15,	p.	39.	93. McKeown	D.A.	(2005)	Raman	spectroscopy	and	vibrational	analyses	of	albite:	from	25°C	through	the	melting	temperature.	American	Mineraogist.	90,	1506-1517.	94. Freeman	J.R.,	Wang	A.,	Kuebler	K.E.,	Jolliff	B.L.	&	Haskin	L.A.	(2008)	Canadian	
Mineralogist,	46,	1477-1500.	95. Spinella	F.,	Barrata	G.A.	&	Strazzulla	G.	(1991)	An	apparatus	for	in	situ	Raman	spectroscopy	of	ion-irradiated	frozen	target.	Review	of	Scientific	Instruments,	62,	1743-1745.	96. Ferini	G.,	Baratta	G.A.	&	Palumbo	M.E.	 (2004)	A	Raman	study	of	 ion	 irradiated	 icy	mixtures.	Astronomy	&	Astrophysics,	414,	757-766.	97. Sonwalker	N.,	Sunder	S.S.	&	Sharma	S.K.	(1991)	Raman	microprobe	spectroscopy	of	icing	on	metal	surfaces.	Journal	of	Raman	Spectroscopy,	22,	551-557.	98. Elman	B.S.,	Dresselhaus	M.S.,	Dresselhaus	G.,	Maby	E.W.	&	Mazurek	H.	(1981)	Raman	scattering	from	ion-implanted	graphite.	Physical	Review	B,	24,	1027-1034.	99. Strazzulla	G.	&	Baratta,	G.A.	(1992)	Carbonaceous	material	by	ion	irradiation	in	space.	Astronomy	and	Astrophysics,	266,	434-438.		
		92	
100. Strazzulla	G.,	Baratta	G.A.,	&	Palumbo	M.E.	(2001)	Vibrational	spectroscopy	of	ion-irradiated	ices.	Spectrochimica	Acta,	A57,	825-842.	101. Bennett	C.J.,	Brotton	S.J.,	Jones	B.M.,	Misra	A.K.,	Sharma	S.K.	&	Kaiser	R.I.	(2013)	A	novel	high	sensitivity	Raman	spectrometer	to	study	pristine	and	irradiated	interstellar	ice	analogs.	Analytical	Chemistry,	85,	5659-5665.		102. Pasteris	J.D.,	Kuehn	C.A.	&	Bodnar	R.J.	(1986):	Applications	of	the	laser	Raman	microprobe	Ramanor	U-1000	to	hydrothermal	ore	deposits:	Carlin	as	an	example.	
Economic	Geology,	81,	915-930.	103. Fries	M.	&	Steele	A.	(2011)	Raman	spectroscopy	and	confocal	Raman	imaging	in	mineralogy	and	petrography.	Pp.	111-133	in:	Confocal	Raman	Microscopy	(T.	Dieing,	O.	Hollricher	and	J.	Toporski,	editors),	Springer	Series	in	Optical	Sciences,	158,	Springer-Verlag	Berlin	and	Heidelberg,	Germany.	104. Frezzotti	M.L.,	Tecce	F.	&	Casagli	A.	(2012)	Raman	spectroscopy	for	fluid	inclusion	analysis.	Journal	of	Geochemical	Exploration,	112,	1-20.	105. Roedder	E.	(1984)	Nondestructive	methods	of	determination	of	inclusion	composition.	Pp.	79-108	in:	Fluid	Inclusions	(E.	Roedder,	editor),	Reviews	in	





Vibrational	Spectra	and	Structure,	17B,	513	568.	113. Sharma	S.	K.,	Wang	Z.	&	van	der	Laan	S.	(1996)	Raman	spectroscopy	of	oxide	glasses	at	high	pressure	and	high	temperature.	Journal	of	Raman	Spectroscopy,	27,	739-746.	114. Sharma	S.	K.,	Cooney	T.F.,	Wang	Z.	&	van	der	Laan,	S.(1997)	Raman	band	assignments	of	silicate	and	germanate	glasses	in	light	of	high	pressure	and	high	temperature	spectral	data.	Journal	of	Raman	Spectroscopy,	28,	679-709.	115. Matson	D.W.,	Sharma	S.K.	&	Philpotts	J.A.	(1983)	The	structure	of	high-silica	alkali-silicate	glasses—a	Raman	spectroscopic	investigation.	Journal	of	Non-Crystalline	

















of	Spectroscopy,	2012,	617528/1-16.	136. Reynard	B.,	Montagnac	G.,	&	Cardon	H.	(2012)	Raman	spectroscopy	at	high	pressure	and	 temperature	 for	 study	of	 the	Earth’s	mantle	 and	planetary	minerals.	 Pp.	 367-390	in:	Applications	of	Raman	Spectroscopy	to	Earth	Sciences	and	Cultural	Heritage	(J.	Dubessy,	F.	Rull	&	M.-C.	Caumon,	editors).	EMU	Notes	in	Mineralogy,	12,	European	Mineralogical	Union	and	the	Mineralogical	Society	of	Great	Britain	&	Ireland.		 	
		96	
Chapter	2:	Standoff	Spatial	Heterodyne	Raman	Spectrometer	for	Mineralogical	
Analysis	1. Harlander	J.M.,	Roesler	F.L.,	Reynolds	R.J.,	Jaehnig	K.	&	Sanders	W.	(1993)	A	Differential,	Field-Widened	 Spatial	 Heterodyne	 Spectrometer	 for	 Investigations	 at	 High	 Spectral	Resolution	 of	 the	 Diffuse	 Far	 Ultraviolet	 1548	 Å	 Emission	 Line	 from	 the	 Interstellar	Medium.	Proc.	SPIE,	2006,	139-148.	2. Harlander	J.M.,	Roesler	F.L.,	Cardon	J.G.,	Englert	C.R.	&	Conway	R.R.	(2002)	SHIMMER:	A	Spatial	 Heterodyne	 Spectrometer	 for	 Remote	 Sensing	 of	 Earth’s	 Middle	 Atmosphere.	
Appl.	Opt.,	41,	1343-1352.	3. Englert	 C.R.,	 Stevens	 M.H.,	 Siskind	 D.E.,	 Harlander	 J.M.	 &	 Roesler	 F.L.	 (2010)	 Spatial	Heterodyne	 Imager	 for	 Mesospheric	 Radicals	 on	 STPSat-1.	 J.	 Geophys.	 Res.,	 115,	D20306.	4. Mierkiewicz	 E.J.,	 Reynolds	 R.J.,	 Roesler	 F.L.,	 Harlander	 J.M.	 &	 Jaehnig	 K.P.	 (2006)	Detection	 of	 Diffuse	 Intersterllar	 [O	 II]	 Emission	 from	 the	 Milky	 Way	 Using	 Spatial	Heterodyne	Spectroscopy.	Astrophys.	J.,	650,	L63-L66.	5. N.	R.	Gomer	 (2012)	The	Development	of	a	Spatial	Heterodyne	Spectrometer	 for	Raman	
Spectroscopy.	 (Doctoral	 dissertation,	 University	 of	 South	 Carolina),	 pp.	 142	http://scholarcommons.sc.edu/etd/684	6. Gomer	N.R.,	Gordon	C.M.,	Lucey	P.,	Sharma	S.K.,	Carter	J.C.	&	Angel	S.M.	(2011)	Raman	Spectroscopy	 Using	 a	 Spatial	 Heterodyne	 Spectrometer:	 Proof	 of	 Concept.	 Appl.	
Spectrosc.,	65,	849-857.	7. Lamsal	 N.,	 Sharma	 S.K.,	 Acosta	 T.E.	 &	 Angel	 S.M.	 (2016)	 Ultraviolet	 Stand-off	 Raman	Measurements	Using	a	Gated	Spatial	Heterodyne	Raman	Spectrometer.	Appl.	Spectrosc.,	
70,	666-675.	8. Lamsal	N.	&	Angel	S.M.	(2015)	Deep-Ultraviolet	Raman	Measurements	Using	a	Spatial	Heterodyne	Raman	Spectrometer	(SHRS).	Appl.	Spectrosc.,	69,	525-534.	9. Strange	K.A.,	Paul	K.C.	&	Angel	S.M.	(2016)	Transmission	Raman	Measurements	Using	a	Spatial	Heterodyne	Raman	Spectrometer.	Appl.	Spectrosc.,	71,	250-257.	10. Hu	G.,	Xiong	W.,	Shi	H.,	Li	Z.,	Shen	J.	&	Fang	X.	(2016)	Raman	Spectroscopic	Detection	for	Liquid	and	Solid	Targets	Using	a	Spatial	Heterodyne	Spectrometer.	J.	Raman	Spectrosc.,	
		97	
47,	289-298.	11. Hu	G.,	Xiong	W.,	Shi	H.,	Li	Z.,	Shen	J.	&	Fang	X.	 (2015)	Raman	Spectroscopic	Detection	Using	a	Two-Dimensional	Spatial	Heterodyne	Spectrometer.	Optical	Engineering,	54,	1-9.	12. Gornushkin	I.B.,	Smith	B.W.,	Panne	U.	&	Omenetto	N.	(2014)	Laser-Induced	Breakdown	Spectroscopy	 Combined	 with	 Spatial	 Heterodyne	 Spectroscopy.	 Appl.	 Spectrosc.,	 68,	1076-1084.	13. Scott	A.,	Zheng	S.,	Brown	S.	&	Bell	A.	(2007)	Spatial	Heterodyne	Spectrometer	for	FLEX.	
Proc.	SPIE,	6744,	1-11.	14. Watchorn	 S.,	 Noto	 J.	 &	Waldrop	 L.S.	 (2009)	 8446-Angstrom	 Observations	 of	 Neutral	Oxygen	with	the	Spatial	Heterodyne	Spectrometer	at	Millstone	Hill.	Proc.	SPIE,	7438,	1-10.	15. Englert	 C.R.,	 Harlander	 J.M.,	 Emmert	 J.T.,	 Babcock	 D.D.	 &	 Roesler	 F.L.	 (2010)	 Initial	Ground-Based	Thermospheric	Wind	Measurements	Using	Doppler	Asymmetric	Spatial	Heterodyne	Spectroscopy	(DASH).	Opt.	Express,	18,	27416-27430.	16. Stopar	J.D.,	Lucey	P.G.,	Sharma	S.K.,	Misra	A.K.,	Taylor	G.J.	&	Hubble	H.W.	(2005)	Raman	Efficiencies	of	Natural	Rocks	and	Minerals:	Performance	of	a	Remote	Raman	System	for	Planetary	Exploration	at	a	Distance	of	10	Meters.	Spectrochim.	Acta	Part	A,	61,	2315.	17. Mertz	 L.	 (1967)	 Auxiliary	 Computation	 for	 Fourier	 Spectrometry.	 Infrared	 Physics,	7,	17-23.	18. Brault	J.W.	(1987)	High	Precision	Fourier	Transform	Spectrometry:	The	Critical	Role	of	Phase	Correction.	Microsc.	Acta,	93,	215-227.	19. Welch	 P.	 D.	 (1967)	 The	 Use	 of	 Fast	 Fourier	 Transform	 for	 the	 Estimation	 of	 Power	Spectra:	A	Method	Based	on	Time	Averaging	Over	Short,	Modified	Periodograms.	IEEE	
Trans.	Audio	Electroacoust,	15,	70-73.	20. Bischoff	W.D.,	Sharma	S.K.	&	Mackenzie	F.T.	(1985)	Carbonate	Ion	Disorder	in	Synthetic	and	Biogenic	Magnesian	Calcites:	a	Raman	Spectral	Study.	Am.	Mineral.,	70,	581-589.	21. Urmos	 J.P.,	 Sharma	 S.K.	 &	 Mackenzie	 F.T.	 (1991)	 Characterization	 of	 some	 Biogenic	Carbonates	with	Raman	Spectroscopy.	Am.	Mineral.,	76,	641-646.	22. Misra	A.K.,	Sharma	S.K.,	Chio	C.H.,	Lucey	P.G.	&	Lienert	B.	(2005)	Pulsed	Remote	Raman	System	 for	 Daytime	Measurements	 of	Mineral	 Spectra.	 Spectrochim.	 Acta,	Part	 A,	61,	
		98	
2281-2287.	23. Chio	C.H.,	Sharma	S.K.	&	Muenow	D.W.	(2004)	Micro-Raman	Studies	of	Gypsum	in	the	Temperature	Range	between	9	K	and	373	K.	Am.	Mineral.,	89,	390-395.	24. Sharma	 S.K.,	Misra	A.K.,	 Clegg	 S.M.,	 Barefield	 J.E.,	Wiens	R.C.,	 Acosta	T.E.	&	Bates	D.E.	(2011)	 Remote-Raman	 Spectroscopic	 Study	 of	 Minerals	 Under	 Supercritical	 CO2	Relevant	to	Venus	Exploration.	Spectrochim.	Acta	Part	A,	80,	75-81.	25. Wang	A.	&	Zhou	Y.	(2014)	Experimental	Comparison	of	the	Pathways	and	Rates	of	the	Dehydration	of	Al,	Fe,	Mg	and	Ca	Sulfates	under	Mars	Relevant	Conditions.	Icarus,	234,	162.	26. McKeown	 D.A.	 (2005)	 Raman	 Spectroscopy	 and	 Vibrational	 Analyses	 of	 Albite:	 from	25°C	through	the	Melting	Temperature.	Am.	Mineral.,	90,	1506-1517.	27. Freeman	J.J.,	Wang	A.,	Kuebler	K.E.,	Jolliff	B.L.	&	Haskin	L.A.	(2008)	Characterization	of	Natural	 Feldspars	 by	 Raman	 Spectroscopy	 for	 Future	 Planetary	 Exploration.	 Can.	
Mineral.,	46,	1477-1500.	28. Lam	P.K.,	 Yu	 R.,	 Lee	M.W.	&	 Sharma	 S.K.	 (1990)	 Structure	Distortion	 and	Vibrational	Modes	in	Mg2SiO4.	Am.	Mineral.,	75,	109-119.	29. Kuebler	 K.E.,	 Jolliff	 B.L.,	 Wang	 A.	 &	 Haskin	 L.A.	 (2006)	 Extracting	 Olivine	 (Fo-Fa)	Compositions	from	Raman	Spectra	Peak	Positions.	Geochim.	Cosmochim.	Acta,	70,	6201-6222.	30. Acosta	 T.E.,	 Scott	 E.R.D.,	 Sharma	 S.K.	 &	 Misra	 A.K.	 (2013)	 The	 Pressures	 and	Temperatures	 of	 Meteorite	 Impact:	 Evidence	 from	Micro-Raman	Mapping	 of	 Mineral	Phases	in	the	Strongly	Shocked	Taliban	Ordinary	Chondrite.	Am.	Mineral.,	98,	859-869.		 	
		99	
Chapter	3:	Data	Reduction	Optimization	for	Spatial	Heterodyne	Raman	Spectroscopy	
with	Application	to	Minerals,	Salts	and	Organic	Compounds	1. Harlander	J.M.,	Roesler	F.L.,	Reynolds	R.J.,	Jaehnig	K.	&	Sanders	W.	(1993)	A	Differential,	Field-Widened	Spatial	Heterodyne	Spectrometer	for	Investigations	at	High	Spectral	Resolution	of	the	Diffuse	Far	Ultraviolet	1548	Å	Emission	Line	from	the	Interstellar	Medium.	Proc.	SPIE,	2006,	139-148.	2. Harlander	J.M.,	Roesler	F.L.,	Cardon	J.G.,	Englert	C.R.	&	Conway	R.R.	(2002)	SHIMMER:	A	Spatial	Heterodyne	Spectrometer	for	Remote	Sensing	of	Earth’s	Middle	Atmosphere.	Appl.	Opt.,	41,	1343-1352.	3. Englert	C.R.,	Stevens	M.H.,	Siskind	D.E.,	Harlander	J.M.	&	Roesler	F.L.	(2010)	Spatial	Heterodyne	Imager	for	Mesospheric	Radicals	on	STPSat-1.	J.	Geophys.	Res.,	115,	D20306.	4. Mierkiewicz	E.J.,	Reynolds	R.J.,	Roesler	F.L.,	Harlander	J.M.	&	Jaehnig	K.P.	(2006)	Detection	of	Diffuse	Intersterllar	[O	II]	Emission	from	the	Milky	Way	Using	Spatial	Heterodyne	Spectroscopy.	Astrophys.	J.,	650,	L63-L66.	5. Gomer	N.R.,	Gordon	C.M.,	Lucey	P.,	Sharma	S.K.,	Carter	J.C.	&	Angel	S.M.	(2011)	Raman	Spectroscopy	Using	a	Spatial	Heterodyne	Spectrometer:	Proof	of	Concept.	
Appl.	Spectrosc.,	65,	849-857.	6. Lamsal	N.,	Sharma	S.K.,	Acosta	T.E.	&	Angel	S.M.	(2016)	Ultraviolet	Stand-off	Raman	Measurements	Using	a	Gated	Spatial	Heterodyne	Raman	Spectrometer.	Appl.	



















Agricultural	Society	in	Canada,	1-18.	39. Squyres	S.W.	et	al.	(2012)	Ancient	Impact	and	Aqueous	Processes	at	Endeavor	Crater,	Mars.	Science,	336,	570-576.	40. Gellert	R.	et	al.	(2004)	Chemistry	of	Rocks	and	Soils	in	Gusev	Crater	from	the	Alpha	Particle	X-ray	Spectrometer.	Science,	305,	829-832.	41. Kounaves	S.P.	et	al.	(2010)	Soluble	sulfate	in	the	Martian	soil	at	the	Phoenix	landing	site.	Geophysical	Research	Letters,	37,	1-5.	42. Nachon	M.	et	al.	(2014)	Calcium	Sulfate	Veins	Characterized	by	ChemCam/Curiosity	at	Gale	Crater,	Mars.	Journal	of	Geophysical	Research:	Planets,	119,	1991-2016.	43. Bishop	J.L.	(2009)	Mineralogy	of	Juventae	Chasma:	Sulfates	in	the	Light-Toned	Mounds,	Mafic	Minerals	in	the	Bedrock,	and	Hydrated	Silica	and	Hydroxylated	Ferric	Sulfate	on	the	Plateau.	Journal	of	Geophysical	Research,	114,	1-23.	44. Murchie	S.L.	(2009)	A	Synthesis	of	Martian	Aqueous	Mineralogy	After	1	Mars	Year	of	Observations	from	the	Mars	Reconnaissance	Orbiter.	Journal	of	Geophysical	
Research,	114,	1-30.	45. Chio	C.H.,	Sharma	S.K.	&	Muenow	D.W.	(2004)	Micro-Raman	Studies	of	Gypsum	in	the	Temperature	Range	between	9	K	and	373	K.	Am.	Mineral.,	89,	390-395.	46. Sharma	S.K.,	Misra	A.K.,	Clegg	S.M.,	Barefield	J.E.,	Wiens	R.C.,	Acosta	T.E.	&	Bates	D.E.	(2011)	Remote-Raman	Spectroscopic	Study	of	Minerals	Under	Supercritical	CO2	Relevant	to	Venus	Exploration.	Spectrochim.	Acta	Part	A,	80,	75-81.	47. Wang	A.	&	Zhou	Y.	(2014)	Experimental	Comparison	of	the	Pathways	and	Rates	of	the	Dehydration	of	Al,	Fe,	Mg	and	Ca	Sulfates	under	Mars	Relevant	Conditions.	
Icarus,	234,	162.	
		103	






Structure,	993,	151-154.	61. Leroy	G.,	Leroy	N.,	Penel	G.,	Rey	C.,	Lafforgue	P.	&	Bres	E.	(2000)	Polarized	Micro-Raman	Study	of	Fluorapatite	Single	Crystals.	Applied	Spectroscopy,	54,	1521-1527.	62. Ming	D.W.	et	al.	(2014)	Volatile	and	Organic	Compositions	of	Sedimentary	Rocks	in	Yellowknife	Bay,	Gale	Crater,	Mars.	Science,	343,	1-9.	63. Leshin	L.A.	et	al.	(2013)	Volatile,	Isotope	and	Organic	Analysis	of	Martian	Fines	with	the	Mars	Curiosity	Rover.	Science,	341,	1-9.	64. Hecht	M.H.	et	al.	(2009)	Detection	of	Perchlorates	and	the	Soluble	Chemistry	of	Martian	Soil	at	the	Phoenix	Lander	Site.	Science,	325,	64-67.	65. Hanley	J.,	Chevrier	V.F.,	Berget	D.J.	&	Adams	R.D.	(2012)	Chlorate	Salts	and	Solutions	on	Mars.	Geophysical	Research	Letters,	39,	1-5.	66. Kounaves	S.,	Carrier	B.L.,	O’Neil	G.D.,	Stroble	S.T.	&	Claire	M.W.	(2014)	Evidence	of	Martian	Perchlorates,	Chlorate	and	Nitrate	in	Mars	Meteroite	EETA	79001:	Implications	for	Oxidants	and	Organics.	Icarus,	229,	206-213.	67. Kumari	C.S.	(1948)	Raman	Spectrum	of	Sodium	Chlorate.	Proceedings	of	the	Indian	
Academy	of	Sciences	A,	28,	500-505.	68. Misra	A.K.,	Sharma	S.K.,	Acosta	T.E.,	Porter	J.N.	&	Bates	D.E.	(2012)	Single-Pulse	Standoff	Raman	Detection	of	Chemicals	from	120m	Distance	During	Daytime.	







Chapter	4:	Future	Work	1. Bialkowski	S.E.	(1998)	Overcoming	the	Multiplex	Disadvantage	by	Using	Multiplex-Likelihood	Inversion.	Applied	Spectroscopy,	52,	591-598.		2. Harlander	J.M.	(2010)	First	results	from	an	all-reflection	spatial	heterodyne	spectrometer	with	broad	spectral	coverage.	Optics	Express,	18,	6205-6210.	3. Hosseini	S.S.	(2015)	Tunable	Reflective	Spatial	Heterodyne	Spectrometer:	A	Technique	for	High	Resolving	Power,	Wide	Field	of	View	Observation	of	Diffuse	Emission	Line	Sources.	ProQuest,	PhD	Thesis,	1-115.	4. Harlander	J.M.,	Reynolds	R.J.,	Roesler	F.L.,	Li	G.	(1992)	Spatial	Heterodyne	Spectroscopy:	Laboratory	Tests	of	Field	Widened,	Multiple	Order,	and	Vacuum	Ultraviolet	Systems.	Proceedings	of	SPIE,	1743,	48-59.	5. Lamsal	 N.	 &	 Angel	 S.M.	 (2015)	 Deep-Ultraviolet	 Raman	 Measurements	 Using	 a	Spatial	Heterodyne	Raman	Spectrometer	(SHRS).	Appl.	Spectrosc.,	69,	525-534.		
